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Abstract

:

Precise intraoperative brain tumor visualization supports surgeons in achieving maximal safe resection. In this sense, improved prognosis in patients with high-grade gliomas undergoing protoporphyrin IX fluorescence-guided surgery has been demonstrated. Phase fluorescence lifetime imaging in the frequency-domain has shown promise to distinguish weak protoporphyrin IX fluorescence from competing endogenous tissue fluorophores, thus allowing for brain tumor detection with high sensitivity. In this work, we show that this technique can be further improved by minimizing the crosstalk of autofluorescence signal contributions when only detecting the fluorescence emission above 615 nm. Combining fluorescence lifetime and spectroscopic measurements on a set of 130 ex vivo brain tumor specimens (14 low- and 56 high-grade gliomas, 39 meningiomas and 21 metastases) coherently substantiated the resulting increase of the fluorescence lifetime with respect to the detection band employed in previous work. This is of major interest for obtaining a clear-cut distinction from the autofluorescence background of the physiological brain. In particular, the median fluorescence lifetime of low- and high-grade glioma specimens lacking visual fluorescence during surgical resection was increased from 4.7 ns to 5.4 ns and 2.9 ns to 3.3 ns, respectively. While more data are needed to create statistical evidence, the coherence of what was observed throughout all tumor groups emphasized that this optimization should be taken into account for future studies.
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1. Introduction


In the United States, the average annual age-adjusted incidence rate of patients diagnosed with a tumor of the central nervous system (CNS) is 24 per 100,000 [1]. Particularly, infiltrative gliomas have a poor prognosis. Median survival ranges from about 8 to 15 months for glioblastoma multiforme (GBM) compared to 3 to 10 years for low-grade gliomas (LGG) [1,2]. Maximizing the extent of resection while prioritizing neurological function in cytoreductive surgery is one of the most decisive prognostic factors and essential in the initial treatment of gliomas, meningiomas (MNG) and brain metastases (MET) [3,4,5,6,7,8,9]. Protoporphyrin IX (PpIX) fluorescence guidance was first established for intraoperative visualization of high-grade gliomas (HGG) [10,11] and was afterwards investigated in MNG [12] and MET [13], with promising results. Presurgical administration of the non-fluorescent precursor 5-aminolevulinic acid (5-ALA) leads to tumor-specific metabolization of PpIX [14]. Surgical microscopes can be equipped with optical filters to visualize the red fluorescence of PpIX and thereby detect tumorous tissue. Conventional PpIX-guided surgery, however, is limited for lower-grade gliomas or low concentrations of PpIX in tumor infiltrated brain, where endogenous tissue fluorescence and parts of the blue excitation light outweigh the PpIX fluorescence [3,15,16]. Particularly, the vast majority of pure LGG lack fluorescence during resection [3,16,17,18,19], and visible fluorescence in these tumors was mostly observed in anaplastic foci [17,20,21]. Phase fluorescence lifetime imaging in frequency-domain (FD-FLIM) has shown promise for delineating low PpIX concentrations from competing fluorophores due to differences in their respective decay dynamics [15,22,23,24,25]. As excited-state populations of PpIX have a slower depopulation rate (native lifetime  τ  ≈ 16.4 ns [26]), PpIX accumulation in tissue entails increased fluorescence lifetimes with respect to the approximately 1 ns to 2 ns found in physiological brain parenchyma [15,24,25,27]. When PpIX fluorescence and tissue autofluorescence are on the same order of magnitude, the measured lifetime depends on the relative PpIX and autofluorescence signal contributions [15]. The average FD-FLIM phase lifetime    τ ¯  ϕ   for i fluorophores contributing to a multiexponential decay is given by


       τ ¯  ϕ  =     ∑ i    α i   τ i 2  /  ( 1 +   ( 2 π  f  m o d   )  2   τ i 2  )      ∑ i    α i   τ i  /  ( 1 +   ( 2 π  f  m o d   )  2   τ i 2  )     ,     



(1)




with   f  m o d    being the modulation frequency,   α i   the intensity contribution and   τ i   the fluorescence lifetime of each fluorophore i [28]. In contrast, the average fluorescence lifetime measured in time-domain is given by


      τ ¯  =     ∑ i    α i   τ i 2      ∑ i    α i   τ i     .     



(2)







As a result, fluorophores with shorter lifetimes are weighted more strongly for frequency-domain measurements of the phase when compared to the average lifetime in time-domain FLIM [28]. For delineating weak concentrations of PpIX in tissue, it is therefore of particular interest to reduce autofluorescence contributions and maximize the PpIX signal within the detection band of the emission filter.



In our previous work, we employed a detection band from 590 nm to 740 nm for capturing the tissues’ fluorescence response [15,22,23,24,25]. We hypothesize that adjusting the spectral detection band to optimize the PpIX to autofluorescence ratio further increases the overall measured lifetime, thus enhancing the contrast to the autofluorescence background of physiological brain parenchyma. To substantiate our hypothesis, both FD-FLIM and spectroscopic fluorescence data were acquired ex vivo on a set of 130 brain tumor specimens. We then evaluated both FD-FLIM and combined time- and spectrally resolved fluorescence data to verify the adjustments made to the detection band.




2. Materials and Methods


2.1. FD-FLIM and Spectroscopy Imaging Setup


FD-FLIM and spectroscopic data were acquired with a multimodal surgical microscope at a working distance of 200 mm (OPMI Visu 200, Carl Zeiss Meditec AG, Jena, Germany). The interested reader is referred to our previous work for a detailed description of the system [15,23]. In brief, fluorescence was excited by a 405 nm laser diode (phoxX-405, Omicron Laserage, Rodgau, Germany), which was modulated at a frequency of 10 MHz and raster-scanned across the tissue. Fluorescence lifetime maps were acquired across a field of view of 6.5 × 6.5 mm   2   by employing a homodyne detection scheme. FD-FLIM acquisitions were performed in 16 seconds with a lateral resolution of 25 µm (256 × 256 pixels) at a laser power of 6 mW. Our system allowed for steering the laser to specific regions of interest on the specimens to acquire complementary spectroscopic information. The imaging protocol can be found elsewhere [15]. Fluorescence emission was filtered by either a 590 nm to 740 nm (665/150 BrightLine HC Semrock, Rochester, NY, USA) bandpass filter or a 615 nm long-pass filter (ET615LP, Chroma, Bellow Falls, Vermont). We installed a multi-position slider with resonant piezoelectric motor (ELL9K, Thorlabs Inc., Newton, NJ, USA) for fast switching between the emission filters.




2.2. Patient Cohort and Specimen Handling


Brain tumor specimens were routinely and safely resected as part of an ongoing ex vivo study, kept in artificial cerebrospinal fluid (Landesapotheke Salzburg, 19C11S02) and imaged within one hour after resection. The histopathological workup was performed by experienced neuropathologists following the WHO classification of CNS tumors from 2016 [29]. In total, 14 LGG, 56 HGG, 39 MNG and 21 MET specimens were imaged with both filters and further grouped in subgroups, which were (1) samples without 5-ALA administration, (2) samples with 5-ALA administration but lack of visible fluorescence during surgery and (3) samples showing visible fluorescence during surgery. The group of MET specimens originated from different carcinomas, including bronchial, mammary, thyroid, urachal, renal cell and squamous cell carcinoma. The number of specimens with and without oral administration of 5-ALA considered in this study is given in Table 1. Specimens were imaged with both optical filters consecutively. For specimens with 5-ALA administration, we combined FD-FLIM with spectroscopic measurements. As the spectrometer channel was implemented at a later stage of the project, the number of specimens with spectroscopic measurements was 82 with a total of 269 data points (about 3 spectroscopic measurements per specimen). Approval by the ethics committee of the Medical University of Vienna (EK419/2008—Amendment 04/2018) was obtained, and patients were informed and gave written consent.





3. Results


3.1. Optimizing the FD-FLIM Detection Band for Enhanced Delineation of PpIX from Tissue Autofluorescence


When detecting weak PpIX concentrations in fluorescence-guided surgery, the autofluorescence background of the brain can be stronger than the actual PpIX fluorescence. This is illustrated with a representative LGG shown in Figure 1. Upon excitation with 405 nm, the fluorescence of the specimen captured with a scientific camera (>430 nm) was white to faint blue (aI). Tissue autofluorescence dominated the overall signal, and the red PpIX fluorescence could not be observed visually during surgical resection and imaging. Dark red spots were seen on areas covered with blood. Spectroscopic measurements (aII) were acquired on three selected ROIs, indicated through red squares. Small peaks at 635 nm and slightly below 700 nm were observed above the autofluorescence background, corresponding to weak accumulations of PpIX. A representative haematoxylin and eosin (H&E) stain of the sample (aIII) showed CNS tissue with increased cellularity and infiltrating pleomorphic glial tumor cells. The emission band from 590 nm to 740 nm, which we also employed in previous work, is illustrated in (bI). Signal contributions below the fitted line contributed to the autofluorescence background and were colored in blue. PpIX signal contributions were colored in red. The demodulated fluorescence intensity (mV    R M S   ) and lifetime (ns) measured with this filter are shown in (bII) and (bIII). While the mean fluorescence intensity across the sample was 8.8 mV    R M S   , fluorescence lifetimes averaged over ROI 1 to 3 were 2.0 ns, 4.9 ns and 3.7 ns, respectively. In the measured PpIX emission spectra, a considerable amount of autofluorescence was observed at wavelengths between 590 nm and the actual PpIX emission peak. To determine the optimized cut-on wavelength employed in this work, we derived the fluorescence emission spectrum of PpIX (data taken from PhotochemCAD [30]) and chose the wavelength with an available off-the-shelf filter closest to the point where the derivation began to rise. This resulted in setting the cut-on at 615 nm as shown in Figure 1 (cI). Cutting away autofluorescence below 615 nm decreased the average fluorescence intensity to 7.1 mV    R M S    (cII). This in turn increased the relative contribution of PpIX to the overall signal. As a result, the average fluorescence lifetime of ROI 1 to 3 was increased to 2.2 ns, 5.6 ns and 4.3 ns, respectively (cIII). On average, the signal intensity for detection >615 nm was decreased by about 17 % for all specimens when compared to the band from 590 nm to 740 nm.




3.2. Minimizing Autofluorescence Crosstalk Improves the Detection of Protoporphyrin IX with Frequency-Domain FLIM


Based on these observations, we conducted a study to investigate the effect of the adjusted filter on a larger number of specimens from various tumor entities. We acquired FD-FLIM measurements on 130 brain tumor specimens ex vivo and combined them with additional spectroscopic measurements. Spectra were used to determine the relative PpIX signal contribution (RSC    P p I X   ) [15], which is why specimens without 5-ALA administration were excluded from the analysis in Figure 2a.



Plotting the measured lifetime as a function of the RSC    P p I X    illustrated how blocking autofluorescence below 615 nm impacted the measured lifetime (Figure 2a). Data acquired with the 615 nm long-pass filter were drawn in yellow. Data points were labelled according to their fluorescence status during surgery, with a circle indicating lack of visibility and a plus visible fluorescence. Below 0.25 RSC    P p I X   , autofluorescence dominated the overall signal with close to no alterations of the measured fluorescence lifetime between both filters. Above 0.25 RSC    P p I X   , the measured lifetime began to increase due to the increased PpIX content in the signal. Comparing the two filters, we observed a stronger increase in the measured lifetime for the cut-on at 615 nm, gradually increasing from 0.25 RSC    P p I X    to about 0.8 RSC    P p I X   . With PpIX fluorescence and tissue autofluorescence being on the same order of magnitude, this filter impacted the fluorophore ratio in favor of PpIX. Above 0.8 RSC    P p I X   , PpIX fluorescence gradually started to become visible during surgical resection, with PpIX now being the dominant signal contributor. As a result, tissue autofluorescence had less influence on the overall signal and the differences of the measured lifetimes between both filters began to decrease. Samples with strong intraoperative fluorescence were condensed at a RSC    P p I X    of 1.0. We then grouped all specimens in MET (Figure 2b), LGG, HGG (Figure 2c) and MNG (Figure 2d). For each of the groups, we further distinguished between specimens where no 5-ALA was administered prior to surgery, specimens with 5-ALA administration but no visible fluorescence during surgery and samples with visible fluorescence during surgery. Median as well as 0.25 and 0.75 quartiles were visualized with box plots for all subgroups. As expected, the 615 nm long-pass filter led to an increase of the measured lifetime for most subgroups with 5-ALA administration. Median lifetimes in LGG specimens were 5.4 ns and 4.7 ns for the 615 nm long-pass and the 590 nm to 740 nm bandpass filters, respectively. However, no significant differences were found between the two emission filters (p = 0.17). Similarly, median lifetimes were increased for HGG without (3.3 ns, 2.9 ns, p = 0.18) and with (14.1 ns, 13.4 ns, p = 0.04) visible fluorescence. This was also observed in MET without visible fluorescence (4.9 ns, 4.3 ns, p = 0.03) and visible fluorescence (9.8 ns, 8.4 ns, p = 0.11). Only in the MNG group did specimens lacking visible fluorescence have lower lifetimes for the 615 nm longpass filter (3.8 ns, 4.2 ns, p = 0.67), which will be discussed later on. Lifetimes in specimens from patients without 5-ALA administration were barely affected by the filter change in MET (2.5 ns, 2.5 ns, p = 0.47) and LGG (2.4 ns, 2.3 ns, p = 0.44), and even decreased in MNG (2.2 ns, 2.4 ns, p = 0.90). Please refer to Table 1 for complete data of all subgroups. Lifetimes measured in non-pathological brain from our previous work [15] are indicated with gray lines (solid: median, dashed: first and third quartiles). Specimens lacking visible fluorescence during surgery could be distinguished from this autofluorescence baseline with both filters. Yet, the optimized filter increased the measured lifetimes in most subgroups, which benefits the detection of weak PpIX accumulations.





4. Discussion


In this work, we improved FD-FLIM PpIX visualization for fluorescence-guided surgery by minimizing autofluorescence crosstalk within the detection band. Optical filters have to be tailored to their respective application to ensure optimal performance in fluorescence imaging. This is of importance, especially when several fluorophores are excited and emitting within the detection band. In metabolic imaging of the intrinsic fluorophores nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) and flavin adenine dinucleotide (FAD), substantial work has been performed to optimize the filter specifications and minimize crosstalk [31,32]. FLIM of PpIX has emerged only recently, and previous work has employed a broad detection band (590–740 nm) to capture the full PpIX emission spectrum and to increase the overall collected signal [15,22,23,24,25]. This did not fully consider the influence of tissue autofluorescence, which can be of the same order of magnitude as PpIX fluorescence for lower-grade tumors and weakly tumor-infiltrated brains. In FD-FLIM, the measured lifetime is a weighted average of all emitting fluorophores. When exciting fluorescence in the blue range of the spectrum, tissue autofluorescence of non-pathological brain above 590 nm decays in about 1–2 ns [15,24,25,27], with individual contributions of flavins, lipofuscin, vitamin A, endogenous porphyrins and further fluorophores [33]. Autofluorescence lifetimes in tumorous tissue were found to be increased beyond 2 ns [34]. PpIX yields higher lifetimes with up to 16.4 ns in organic solvent [26] and about 6.3 ns [26] to 7.4 ns [35] in mitochondria. Photoprotoporphyrin and the photoproducts II+III decay within 5.4 ns in mitochondria [36] and about 2–4 ns in the cytoplasm [37], respectively.



Weak concentrations of PpIX in tissue can be detected by increased lifetimes with respect to the lifetimes of the autofluorescence background. A higher relative contribution of PpIX to the overall excited state population thereby increases the average lifetime of all fluorophores contributing to the multi-exponential decay [15]. Combining FD-FLIM with optical spectroscopy revealed a stronger increase of the measured lifetime starting at a RSC    P p I X    of about 0.25 when detecting fluorescence >615 nm. Blocking autofluorescence between 590 nm and 615 nm increased the contribution of PpIX to the overall signal, which favored distinguishing PpIX from the autofluorescence background. Similarly, descriptive statistics coherently showed increased lifetimes for all subgroups with 5-ALA administration, besides the MNG group lacking visual fluorescence during resection. For this group, we observed increased autofluorescence signal contributions in our spectral measurements. A potential explanation could be the accumulation of flavins with relatively long lifetimes, such as flavin mononucleotide (4.8 ns when bound to proteins). Removing these contributions with the 615 nm longpass filter would explain the contrary effect on the overall lifetime for MNG with low PpIX concentrations. Further studies investigating on the autofluorescence properties, especially of MNG, are warranted. Differences between the two spectral filters were not found to be significant for most of the groups, which can be contributed to a limited number of samples per group and a relatively high variance within the groups compared to the lifetime differences between the groups. Although 130 specimens were included in the study, the number of tumor entities and subgroups (visible-, not visible fluorescence, and no 5-ALA administration) further reduced the group size. Additionally, specimens from core tumor areas, infiltration zones, and necrotic and reactive areas were combined within the subgroups, which contributed to the variance within groups. Yet, the trend of increased fluorescence lifetimes for the optimized filter was very coherent for all subgroups, with the exemption of MNG group discussed above. Note also that the reduced overall signal intensity in the optimized filter (17% less compared to the previous filter) may contribute to an increase of phase noise and thereby a reduction of the signal-to-noise ratio for tissue exhibiting very weak fluorescence, e.g., parts of the specimens covered with blood. The overall photon budget, however, is mainly determined by the detection efficiency of the system and could be tailored to an acceptable level of phase noise. The influence of the integrated signal on noise in FD-FLIM phase measurements is described in more detail in the supplementary materials of our previous work [15]. We furthermore emphasize that of the 37 specimens throughout all tumor entities lacking visible fluorescence during surgery, all specimens could be distinguished from the 1 ns to 2 ns expected for non-pathological brain by increased fluorescence lifetimes.



Note that imaging of specimens to compare filters had to be performed consecutively, which might have led to bleaching of fluorescence during the first measurement and affected the second acquisition. We analyzed bleaching by consecutively imaging a specimen with the same filter and found that bleaching-induced lifetime reduction between two scans was smaller than 0.1 ns. Additionally, we varied the order of which filter was used to image first between specimens and could not find any influence on the imaging order.



The overall coherence of what was observed in all groups and the multimodal FD-FLIM and spectroscopy evaluation provided evidence to favor the 615 nm long-pass filter. Potential further optimization of the PpIX to autofluorescence ratio would be to restrict the detection band to the main PpIX emission peak. We performed a first test with a 620 nm to 640 nm bandpass filter, which slightly increased the measured lifetime with respect to to the 615 nm long-pass filter at the cost of a reduced signal to noise ratio and increased phase noise in our measurements. Additionally, a two-peaked emission of PpIX was observed in LGG, with one physicochemical state peaking at a lower wavelength of 620 nm [38]. Hence, a cut-on wavelength at 615 nm was the preferred choice. While we employed an off-the-shelf long-pass filter, a bandpass filter with a cut-off at around 715 nm, which is right after the second PpIX emission peak, seems to be the optimal choice for FD-FLIM imaging of PpIX. Spectrally resolved FLIM would be highly beneficial to investigate this in more detail [39]. A valuable additional frequency-domain metric in future studies would be the modulation lifetime   τ m   [28]. Thus, a measure of the ground-state heterogeneity could be given by (  τ m  /  τ ϕ  ) − 1, essentially reflecting the lifetime variance of the multi-exponential fluorophore decays within the detected spectrum. For higher-grade tumors, where PpIX fluorescence outweighs tissue autofluorescence, this measure would be expected to approach 0 as   τ ϕ   =   τ m   for mono-exponential decays [28]. For lower-grade tumors, where PpIX is on the order of magnitude of tissue autofluorescence, the ground state heterogeneity could be an interesting additional metric for distinguishing 5-ALA labeled tumors from non-pathological brain. Additionally, a lifetime based ratio of PpIX to background fluorescence could be given, e.g., by transforming phase and modulation lifetime to the vector space of phasor plots [24,40]. Furthermore, time-domain FLIM would allow for better contrasting PpIX from the autofluorescence background by fitting a multi-exponential model. Fluorescence anisotropy measurements of rotational correlation time potentially would provide an additional source of contrast for resolving ground state heterogeneity in 5-ALA labeled tumors and non-pathological brain. Yet, as outlined in this and our previous works [15,22,23,24,25], the average phase lifetime in FD-FLIM alone does constitute a sensitive and promising approach for PpIX fluorescence guidance.



In conclusion, we showed that FD-FLIM for PpIX-guided brain tumor visualization can be further improved by minimizing autofluorescence crosstalk in the detection band. Fluorescence should be detected with a cut-on wavelength of 615 nm in future systems and studies for obtaining optimal contrast between weak PpIX concentrations in lower-grade tumors or weakly tumor infiltrated brain with respect to the autofluorescence background of non-pathological brain.







Author Contributions


G.W., B.K. and L.I.W. resected tumor specimens. J.G., T.R.-P. and A.W. performed the histopathological workup. B.K., L.I.W. and A.L. organized biopsy handling and preparation. M.W. and C.H. provided technical consultation for modifications on the surgical microscope. M.T.E. and D.R. set up the FD-FLIM system under supervision of A.U. and M.A. D.R. implemented the spectroscopy channel, performed the measurements, analyzed the data and wrote the manuscript. M.T.E., W.D., G.W. and R.A.L. initiated the project. All authors have read and agreed to the published version of the manuscript.




Funding


This project has received funding from the Austrian Christian Doppler Research Association as well as from the innovation board of the Carl Zeiss Meditec AG. T.R. is recipient of a DOC Fellowship of the Austrian Academy of Sciences at the Division of Neuropathology and Neurochemistry (25262). The financial support by the Austrian Federal Ministry for Digital and Economic Affairs and the National Foundation for Research, Technology and Development is gratefully acknowledged. This project has furthermore received funding from the European Union Horizon 2020 research and innovation program under the Marie Sklodowska–Curie grant agreement (MSCA grant 721766) and from the OeNB grant 16725.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of the Medical University of Vienna (EK419/2008—Amendment 04/2018).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets generated and analyzed during this study are available from the corresponding author on reasonable request.




Acknowledgments


We thank Tanja Peilnsteiner for consistent support with biopsy preparation.




Conflicts of Interest


M.W. and C.H. are employees of the Carl Zeiss Meditec AG, Oberkochen, Germany. G.W. received restricted travel grants from NX Development Corp. All other authors declare to have no conflicts of interest.




Abbreviations


The following abbreviations are used in this manuscript:
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	Frequency-domain fluorescence lifetime imaging



	HGG
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Figure 1. (a) Fluorescence >430 nm of the specimen captured with a scientific camera (I), spectra measured on specific regions of interest on the specimen (II), and representative histopathological H&E stained scan (III). Data were acquired with an emission filter from 590 to 740 nm (b(I)) and >615 nm (c(I)). The respective demodulated root mean square fluorescence intensity (mV    R M S   ) and lifetime (ns) maps are shown in (b(II),c(II)) and (b(III),c(III)). 
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Figure 2. Comparison of FD-FLIM PpIX detection for the spectral bands 590 nm to 740 nm and >615 nm. (a) Correlating the fluorescence lifetime with the relative PpIX signal contribution illustrates an increase in the measured lifetime for detection >615 nm starting around 0.25 relative PpIX signal contribution. 95% prediction intervals (dashed lines) and 95% confidence intervals (color shade around the 5th order polynomial fit) are given both for detection from 590–740 nm and >615 nm. Fluorescence lifetimes were then compared for the two bands for metastases (b), low-and high-grade gliomas (c) and meningiomas (d). Samples were grouped according to the perceived fluorescence during surgery (visible, not visible), and samples without 5-ALA administration prior to surgery were treated as a separate group. Data from non-pathological specimens from our previous work [15] are indicated with gray lines (solid: median, dashed: first and third quartiles) for direct comparison to the lifetimes measured in tumorous tissue. The number of specimens per filter and subgroup is indicated at the lower end of (b–d) (e.g., 6/6). 
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Table 1. Fluorescence lifetime statistics for metastases, low-grade gliomas, high-grade gliomas and meningiomas, measured with a 590 nm–740 nm bandpass and a 615 nm long-pass filter. The ex vivo imaged human brain tumor specimens were further grouped into samples without 5-ALA administration (No. 5-ALA) and samples with 5-ALA administration without or with visible intraoperative fluorescence (Fluo-, Fluo+, respectively).
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Metastases

	
Low-Grade Gliomas

	
High-Grade Gliomas

	
Meningiomas






	
Subgroup

	
No 5-ALA

	
Fluo-

	
Fluo+

	
No 5-ALA

	
Fluo-

	
Fluo-

	
Fluo+

	
No 5-ALA

	
Fluo-

	
Fluo+




	
filter

	
590 mm–740 mm/>615 nm




	
N samples

	
6/6

	
5/5

	
10/10

	
4/4

	
10/10

	
19/19

	
37/37

	
20/20

	
3/3

	
16/16




	
median  τ /ns

	
2.5/2.5

	
4.3/4.9

	
8.4/9.8

	
2.3/2.4

	
4.7/5.4

	
2.9/3.3

	
13.4/14.1

	
2.4/2.2

	
4.2/3.8

	
13.2/13.8




	
Q1  τ /ns

	
2.3/2.1

	
4.2/4.8

	
7.7/8.8

	
1.9/1.9

	
4.0/4.6

	
2.5/2.7

	
12.2/13.0

	
2.2/2.0

	
3.7/3.4

	
11.0/12.1




	
Q2  τ /ns

	
3.0/3.3

	
4.4/5.0

	
9.7/11.3

	
3.0/3.3

	
5.5/6.2

	
3.6/4.5

	
14.1/14.6

	
3.0/2.7

	
4.5/4.7

	
14.2/14.6




	
p-value

	
0.47

	
0.03

	
0.11

	
0.44

	
0.17

	
0.18

	
0.04

	
0.9

	
0.67

	
0.15
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